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much lower fluorescence intensity upshift in flow cytometry than when dye was present ( Supplementary Fig. 2 ). Thus, an increase in ROS accompanies TLD.
We next perturbed the ROS levels. Agents that inhibit ROS accumulation, such as the iron chelator 2,2′ -bipyridyl 23, 27 or the hydroxyl-radical scavenger dimethyl sulfoxide (DMSO) 28 , reduced both ROS accumulation and TLD ( Fig. 1b and Supplementary  Fig. 3a-c) . Conversely, deletion of peroxide-detoxifying genes, such as katG/E, generated a hyperlethal phenotype during T-starvation ( Fig. 1e and Supplementary Figs. 3d and 4a ). We performed the latter experiment with minimal medium, because the higher ROS levels in rich medium ( Supplementary Fig. 3e -h) would mask the added effect of a catalase deficiency ( Supplementary Fig. 3d ). Two additional experiments supported involvement of ROS in TLD. First, when trimethoprim triggered TLD, lethal action was reduced by DMSO and exacerbated by a deficiency in katG ( Supplementary  Fig. 4a ). Second, when a ΔthyA mutant growing anaerobically was starved for thymidine, TLD was lowered, and it was eliminated by additional treatment with bipyridyl ( Supplementary Fig. 4b ). Thus, TLD is associated with a surge in ROS, reduced by agents that inhibit ROS accumulation, and enhanced by deficiencies in genes that protect from ROS.
Respiratory genes are involved in ROS accumulation and TLD.
General inhibitors of RNA and protein synthesis (rifampicin and chloramphenicol) abolish TLD 13, 29, 30 , but the underlying mechanism is poorly understood due to the pleiotropic effects of these agents. Because both drugs reduce cellular respiration 31 , and because ROS are normal byproducts of respiration, we expected these inhibitors to block TLD in part by suppressing ROS accumulation. Indeed, the surge in ROS associated with T-starvation was reduced by rifampicin and chloramphenicol ( Fig. 2a,b) .
We also asked whether particular respiratory proteins participate in ROS accumulation and TLD. In E. coli, ubiquinone transfers electrons from multiple input dehydrogenases to three output terminal oxidases (cytochromes bd-I, bd-II and bo 32 ). Deletion of ubiG, a gene required for ubiquinone biosynthesis, decreased ROS accumulation and enhanced survival during T-starvation ( Fig. 2c,d) . Inactivation of bd-I oxidase . T-starvation extended for the indicated times. ROS accumulation was monitored by flow cytometry using carboxy-H2DCFDA-mediated fluorescence. b, Inhibition of TLD. Rapid death of a thymidine-starved ΔthyA culture (squares) was reduced by 2,2′ -bipyridyl (Bip, triangles) or dimethyl sulfoxide (DMSO, circles), each at 0.5 × MIC. Bipyridyl at 0.5 × MIC slightly suppressed growth, but such growth inhibitory effects cannot account for the large protection from TLD (see Supplementary Fig. 14 for details) . c, H 2 O 2 accumulation during TLD. H 2 O 2 was monitored at the indicated times after initiation of T-starvation by flow cytometry using Peroxy Orange-1-mediated fluorescence. d, Lipid peroxidation during TLD. Lipid peroxidation at the indicated times was detected by flow cytometry using C11-BODIPY-mediated fluorescence. e, Exacerbation of TLD by catalase/peroxidase deficiencies. Deletion of katG (strain 3641) or katE (strain 3645), when present with a ΔthyA mutation, decreased cell survival for samples taken at the indicated times during T-starvation. A nutrient-rich, defined medium (Hi-DEF Azure) was used for a-d. M9 minimal medium was used for e (see Supplementary Fig. 3d for KatG/E effects in Hi-DEF Azure medium). Plots in a, c and d are representative of three independent experiments. Data points are averages of three independent experiments in b and e. Error bars represent standard deviation of the mean.
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(ΔcydB) also reduced ROS accumulation and TLD ( Fig. 2c,d ). To attribute the reduction in TLD to deficiencies in ubiG and cydB, we showed that plasmid-borne copies of the wild-type genes restored ΔthyAmediated TLD ( Supplementary Fig. 5a,b) . Disruption of the other terminal oxidases, AppBC (bd-II oxidase) or CyoABCDE (bo oxidase), or several of the many electron-input enzymes (succinate dehydrogenase or NADH dehydrogenases I or II), individually had no effect on either ROS accumulation or TLD ( Supplementary Fig. 5c-f ). Thus, bd-1 oxidase is the major terminal oxidase responsible for the correlation of ROS production with TLD. These data fit with respiratory proteins contributing to TLD and support ROS involvement in TLD. Because a deficiency of ubiG or cydB only partially eliminated the ROS surge or TLD, we next added bipyridyl to the ΔthyA-ΔubiG culture to further reduce ROS. This treatment reduced ROS to background levels and largely abolished TLD, even after prolonged (5 h) T-starvation ( Fig. 2d and Supplementary Fig. 6a,b ). Thus, ROS are the dominant source of TLD. The contribution of other cellular activities, such as replication, transcription and toxic recombination/repair, to TLD is probably through ROS-mediated events, because each is expected to persist in bipyridyl-treated ΔthyA-ΔubiG cultures in which neither ROS accumulation nor TLD occurs.
Accumulation of single-stranded DNA is necessary but insufficient for TLD. During TLD, bacterial chromosomes are expected to accumulate regions of ssDNA in lagging strands of replication forks and at sites of single-stranded lesion repair. Indeed, ssDNA lesions are observed during thymine starvation 22 . Due to the absence of deoxythymidine triphosphate (dTTP), these ssDNA regions/lesions cannot be filled and will tend to persist 14 . The role of ssDNA regions in TLD can be studied using deficiencies in RecQ and RecFOR recombinational repair, because these proteins are thought to generate/expand ssDNA regions 7, 21, 33 ; moreover, deficiencies in recQ and recF protect from TLD 11, 19, 20 . Deletion of recF or recR delayed TLD onset by about 45 min ( Fig. 3a ). Deletion of recQ had a greater effect: killing decreased by ~300 fold after 3 h of T-starvation ( Fig. 3b ). Thus, ssDNA regions/lesions appear to contribute to TLD.
To obtain direct evidence for accumulation of ssDNA regions during T-starvation, we performed fluorescence microscopy with cells expressing a plasmid-borne gene encoding ssDNA-binding protein (Ssb) fused to yellow fluorescent protein (YFP). Fluorescent foci were detected 30 min after starvation ( Fig. 3c ). Autofluorescence did not interfere with these measurements, because cells lacking Ssb-YFP expression were completely dark ( Supplementary Fig. 2a ) and cells expressing Ssb-YFP in the presence of thymidine displayed only a weak, uniform background fluorescence without foci ( Fig. 3c-f , time-zero images). As expected 21, 34 , a double deficiency in recQ and thyA lowered the prevalence of cells with ssDNA regions during T-starvation. For example, starvation for 30 min increased the prevalence of ΔthyA cells having Ssb-YFP fluorescent foci from < 1% to > 95% ( Fig. 3c ), while removal of recQ from the ΔthyA mutant reduced the prevalence of foci (none was seen even after 60 min of starvation; Fig. 3d ).
We also examined a deficiency of rnhA (RNase HI). This ribonuclease degrades RNA in RNA-DNA hybrids (R-loops) formed during transcription 35 , and it can participate in removal of RNA primers associated with lagging-strand DNA synthesis 36, 37 . Both processes are expected to increase levels of ssDNA regions 38 , and indeed a deficiency in rnhA reduced TLD (Fig. 3b ). Deletion of rnhA, when combined with the ΔthyA mutation, also suppressed the formation of ssDNA regions, because the number of fluorescent foci was reduced after T-starvation for 30 min. However, the reduction was not as great as seen with a recQ defect: after starvation for 60 min, ~50% of the ΔthyA-ΔrnhA double mutant cells exhibited fluorescent foci ( Fig. 3e ), while for the ΔthyA-ΔrecQ mutant the prevalence of foci was < 5% (Fig. 3d ). Additional work is required to determine whether RNA-DNA hybrids, apart from the generation of ssDNA regions at replication forks, contribute to TLD.
Collectively, the data indicate that mutations expected to protect from TLD by reducing ssDNA regions lower the prevalence of cells exhibiting fluorescent foci originating from regions of ssDNA. Conversely, mutations that protect from TLD by suppressing ROS accumulation (such as cydB) had no effect on the prevalence of cells showing ssDNA regions ( Fig. 3f and Supplementary Fig. 7a ). Fig. 1a unless otherwise stated. Colour coding for samples is shown above each panel. a, Effect of rifampicin. A ΔthyA E. coli strain (3640) was treated without or with 50 µ g ml −1 rifampicin (+ Rif) when T-starvation was initiated. Samples were removed for flow cytometry at the indicated times. b, Effect of chloramphenicol. The method used was as in a, but with 40 µ g ml −1 chloramphenicol (+ CM) instead of rifampicin. c, Effect of mutations in respiratory-chain genes on ROS. Cells were starved of thymidine for 3 h before samples were taken for flow cytometry. Bacterial strains were ΔthyA-ΔubiG (3812), ΔthyA-ΔcydB (4012), and ΔthyA (3640). d, Effect of mutations in respiratory-chain genes and bipyridyl on TLD. Cultures of double-deletion mutants (ΔthyA-ΔubiG, ΔthyA-ΔcydB) and ΔthyA-ΔubiG plus bipyridyl (0.5 × MIC) were starved of thymidine; per cent survival was determined at the indicated times. Plots in a-c are representative of three independent experiments. Data points in d are averages for three independent experiments, with error bars representing standard deviation of the mean. No growth defect occurred when deficiencies in cydB and thyA were combined ( Supplementary Fig. 14) . A small inhibitory effect was observed with a ΔthyA-ΔubiG double mutant and with addition of bipyridyl to a ΔthyA mutant culture ( Supplementary Fig. 14) . However, substantial TLD was observed after a greater slowing of growth by incubation of the ΔthyA single mutant at 30 °C ( Supplementary Fig. 14) , thereby arguing against the small growth inhibition by ΔubiG or bipyridyl being a major reason for protection from TLD.
Because both ROS and ssDNA regions are involved in TLD and because rifampicin reduces ROS accumulation ( Fig. 2a ) and blocks TLD 13, 29, 39 , we next examined the effect of rifampicin on the accumulation of ssDNA regions during T-starvation. Rifampicin had little effect on the prevalence of cells containing Ssb-YFP fluorescent foci ( Fig. 3g and Supplementary Fig. 7a,b) . Similarly, treatment with 2,2′ -bipyridyl, which suppresses the accumulation of ROS, had little effect on Ssb-YFP foci (Supplementary Figs. 3a and 7c). Thus, ssDNA is required for TLD, but is insufficient (rifampicin blocks TLD but not the formation of ssDNA regions). Because rifampicin also blocks the initiation of replication 15, 40 and transcription 41 , the data in Fig. 3g indicate that replication and transcription initiation are not required for the accumulation of ssDNA regions during T-starvation.
Conversion of ssDNAs into DNA breaks by ROS underlies TLD.
Requiring both ssDNA regions and ROS for TLD fits with the ability of ROS to produce mostly non-lethal, ssDNA cleavage when attacking dsDNA 42 . Only in the rare situation in which two nearby attacks occur, one in each of the two complementary DNA strands, would a doublestranded break arise ( Supplementary Fig. 8a ). However, ROS attack at ssDNA regions would readily produce DSBs. Thus, an increase in size and/or number of ssDNA regions would increase the production of ROS-mediated DSBs, which may be a major cause of TLD.
Although early work correlated DSB and TLD 9,14,22 , a more recent study suggested that rifampicin might inhibit TLD without blocking DNA breakage 13 . Such a conclusion would undermine the idea that DSBs cause TLD. Consequently, we reinvestigated the relationships between DNA breakage and TLD by performing a single-cell assay in which a fusion of E. coli RecN and YFP was used to measure the prevalence of cells with DSBs (detection by E. coli RecN-YFP was similar to detection by a well-characterized Bacillus subtilis RecN-YFP; Supplementary Fig. 9 ). With the ΔthyA mutant growing in thymidine-containing medium or with wild-type cells cultured in thymidine-depleted medium, the prevalence of cells showing RecN-YFP-mediated fluorescent foci was low (< 0.1%; Supplementary  Fig. 8b ). By contrast, T-starvation for 60 min caused almost all ΔthyA cells (95%) to exhibit at least one RecN-YFP focus (Fig. 4a ). Rifampicin treatment reduced the number of RecN-YPF foci to ~18% (Fig. 4b ) while blocking cell death ( Supplementary Fig. 8c ). Similarly, treatment of starved cells with 2,2′ -bipyridyl, which reduces ROS accumulation and TLD ( Fig. 1b and Supplementary  Fig. 3a ), also suppressed DNA breakage ( Fig. 4c ). Thus, DSBs and an ROS surge correlate with TLD. ΔthyA-ΔrecQ mutant cells with ssDNA regions. Methods were as in c but with strain 4335. e, Prevalence of ΔthyA-ΔrnhA mutant cells exhibiting ssDNA regions. Methods were as in c but with strain 4389. f, Prevalence of ΔthyA-ΔcydB mutant cells exhibiting ssDNA regions. Methods were as in c but with strain 4012. g, Effect of rifampicin on prevalence of cells with ssDNA. Rifampicin (50 µ g ml −1 ) was added to the ΔthyA culture (strain 4313) at the time T-starvation was initiated. Methods were as in c. Similar results were observed in three independent experiments for c-g, and 200 cells for each group were randomly selected for analysis of generation of ssDNA regions.
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Involvement of ssDNA regions in DNA breakage and TLD was also observed when the prevalence of cells with DNA breaks was examined using a ΔthyA-ΔrecQ double mutant. A 60 min period of T-starvation with the ΔthyA mutant allowed ~95% of the cells to exhibit DSBs (Fig. 4a ), but an additional deficiency in recQ reduced the number to below 5% ( Fig. 4d ) and increased survival (Fig. 3b ). In summary, reduction in either ROS or ssDNA regions lowers DNA breakage and TLD, but reduction of ROS has little effect on the formation of ssDNA regions (Fig. 3f,g and Supplementary Fig. 7 ), indicating that ROS do not affect TLD through reduced accumulation of ssDNA regions.
To test the idea that DNA breaks occur in regions of ssDNA, we used fluorescence microscopy to examine co-localization of RecN, which reveals DSBs, and Ssb, which associates with ssDNAs. When we monitored the same thymidine-starved ΔthyA cells by microscopy over time, intense Ssb-mCherry foci (ssDNA regions) began to appear 20 min after initiation of T-starvation ( Fig. 4e ), consistent with our earlier observation of ssDNA accumulation (Fig. 3c ). RecN-YFP foci (DSBs) appeared at least 30 min later ( Fig. 4a,e ), and newly formed breaks co-localized with ssDNA regions (Fig. 4e ). Analysis of more than 30 newly formed RecN-YFP foci showed that ~60% of the breaks co-localized with ssDNA regions. Thus, DNA breaks associated with TLD tend to occur at ssDNA regions, as expected from the known action of ROS 42 .
We also expected that administering exogenous peroxide would overcome the protection from TLD afforded by reduced production of endogenous ROS. As a test, we first accumulated ssDNA regions by treating thymidine-starved thyA-deficient cells with rifampicin for 30 min, which suppressed accumulation of endogenous ROS ( Fig. 2a ) and eliminated TLD ( Supplementary  Figs. 8c and 10a ), but allowed the formation of ssDNA regions (Fig. 3g ). We then treated the cells for an additional 20 min with exogenous H 2 O 2 at a concentration that was non-lethal for wildtype cultures or for ΔthyA cultures supplemented with thymidine ( Supplementary Fig. 10b ). Exogenous H 2 O 2 reduced the survival of thymidine-starved, rifampicin-treated ΔthyA cells from 100% to below 0.1% (Fig. 5a ). The exogenous H 2 O 2 treatment of thymidine-starved ΔthyA cells also raised the fraction of cells with DNA Supplementary Fig. 9 ).
breaks (RecN-YFP foci) from ~18% to 75% (Fig. 5b,c) . When thymidine was present, H 2 O 2 did not trigger a surge in DNA breaks in the ΔthyA mutant (Fig. 5b,c ). Collectively these data support the conclusion that conversion of ssDNA regions into DSBs by endogenous ROS is a major cause of TLD. If TLD derives from ROS-mediated conversion of ssDNA regions into DSBs, exogenous H 2 O 2 -mediated killing should be mitigated by perturbations that reduce the number and/or size of ssDNA regions. Indeed, deficiencies in recQ and rnhA protected E. coli from exogenous peroxide-mediated killing of rifampicin-treated, thymidinestarved cultures ( Fig. 5d and Supplementary Fig. 10c ). By contrast, mutants deficient in genes such as cydB and ubiG, which reduce intracellular ROS but not ssDNA regions, allowed killing by exogenous peroxide (Figs. 2c, 3f, 5d and Supplementary Fig. 10d ). These observations fit with ROS converting elevated levels of persistent ssDNA regions, arising from T-starvation, into DSBs associated with rapid cell death.
The temporal order of the appearance of ssDNA regions, ROS, DSBs, and cell death also supports TLD arising from ROS-mediated breakage of DNA in ssDNA regions; accumulation of ssDNA regions was seen at 30 min of T-starvation, whereas the ROS surge, DSBs, and death were not obvious until 60 min after starvation ( Supplementary Fig. 11 ). DNA breaks and the ROS surge appeared at the same time, and both continued to accumulate as survival decreased. By contrast, ssDNA regions tended to saturate after 30 min of starvation ( Supplementary Fig. 11 ).
Discussion
The work described above adds ROS to explanations of TLD. Two pathways (Fig. 6 ) converge to generate lethal dsDNA breaks. In one, T-starvation leads to persistent ssDNA regions/lesions that are expanded by RecF and RecQ. In the other, an undefined signal stimulates ROS accumulation; elevated levels of ROS then convert ssDNA into DNA breaks. Attempts to repair breaks involve genes, such as recBC and ruvABC, that, when deficient, render cells hypersensitive to T-starvation 6, 9, 11, 14 . Moreover, RecA/ RecFOR-mediated toxic recombination may occur 6, 9, 10 , which can be mitigated by UvrD antagonizing RecAFOR function 9, 11 . As pointed out above, RecQ/RecFOR may facilitate TLD by promoting/expanding ssDNA regions that serve as substrates for ROS-mediated lethal DSB production. Induction of the SOS response would then activate the SulA checkpoint that blocks cell growth on thymine-containing agar during survival measurement 6 . A double deficiency of mutM and mutY, genes that are responsible for removal of 8-oxo-dGTP 43 , showed a two-to fourfold protection from TLD, while overexpression of mutT (encoding an 8-oxo-dGTP sanitizer) exhibited little protection ( Supplementary Fig. 12 ), unlike the large protective effect observed with antimicrobial killing 43 . Several other repair genes, such as ung, uvrA and mutS 9,11 , showed no effect. Collectively, these data suggest that excision of incorrect or damaged bases has, at most, a minor contribution to TLD.
Several lines of work support the two pathways in Fig. 6 . First, accumulation of ROS is lowered and TLD is blocked/reduced by treatment with rifampicin, chloramphenicol, an iron chelator, a radical scavenger, and deletion of respiratory genes. Second, deficiencies in enzymes that normally reduce levels of peroxide increase the rate and extent of TLD. Third, regions of ssDNA persist when replication is halted by T-starvation 22 and are probably expanded by RecF and RecQ 7,21,33 ; RNaseH, which generates single-stranded regions of DNA 38 , also contributes to TLD. Other potential sources of ssDNA involve attempts to repair nicks created by a variety of sources (for example, ROS 44 , transcription 45 , base misincorporation 18 , and base oxidation 43 ). Fourth, DNA breaks co-localize with regions of ssDNA, and sublethal exogenous H 2 O 2 becomes lethal under conditions that allow T-starvation to accumulate ssDNA lesions but an insufficient level of endogenous ROS. Finally, TLD was largely abolished when ROS were reduced to background levels by a respiratory deficiency plus either an iron chelator or ΔrecF (Fig. 2d and Supplementary Fig. 6 ). Thus, most, if not all, of TLD depends on ROS under nutrient-rich conditions. 
NATuRE MicROBiOLOgy
The inhibitory effects of rifampicin on TLD are complex. Because this drug inhibits transcription and TLD, an argument can be made that, during T-starvation, transcription converts ssDNA regions to DSBs. However, transcription cannot be sufficient for TLD, because it is expected to occur even when TLD is largely blocked by bipyridyl treatment of a ΔthyA-ΔubiG mutant or by combination of ΔthyA with ΔcydB and ΔrecF during T-starvation. Another issue is that our in vivo single-cell-based microscopy study showed that rifampicin inhibits DNA breakage, which contradicts previous work using a batch culture-based gel electrophoresis assay 13 . The latter assay suffers from technical ambiguities. For example, T-starvation may generate complex DNA structures 7,46 that might not form during rifampicin treatment 47 , thereby allowing rifampicin-treated samples to enter the gel more readily than rifampicin-untreated ones. Another feature of rifampicin is its inability to block the accumulation of ssDNA regions during T-starvation. Even though rifampicin blocks the initiation of replication and transcription 15, 40, 41 , it does not block death from concentrations of exogenous peroxide that are normally non-lethal. Thus, initiation of replication or transcription is not required for accumulation of ssDNA regions or TLD when cells are grown in nutrient-rich medium.
We consider TLD to be an example of bacterial self-destruction that occurs when stress is severe. The process is an active one, because transcription, translation and DNA-damage repair systems are involved 1, 6, 9, 11, 14, 18 . Other examples of self-destruction include part of the lethal activity associated with diverse antimicrobials 23, 25, 26 . With antimicrobial-mediated killing, a pathway to ROS accumulation is thought to include toxin-antitoxin (TA) modules (such as MazEF), the two-component CpxAR and ArcAB systems, a small regulatory RNA (tmRNA, encoded by ssrA) and the ClpAP protease 25, 26, 48, 49 . However, ROS and TLD are unaffected by the absence of TA modules ( Supplementary Fig. 13a-d) ; moreover, disruption of arcA/B, lon, clpA/P, cpxA/R or ssrA has little effect on TLD ( Supplementary Fig. 13e-i) . Thus, the pathways to TLD and antimicrobial-mediated death differ in how they elicit ROS accumulation. Nevertheless, surges in ROS and involvement of the respiratory chain are shared features 23, 31, 50 , as is the presence of metabolically inert, persister subpopulations that tolerate many types of lethal stress. The next challenge is to learn how bacterial cells sense the macromolecular lesions that stimulate a self-destructive ROS surge. Table 1 ) were grown aerobically in Hi-DEF Azure medium (Teknova) or in M9 minimal medium with 1% glucose, both with 50 μ g ml −1 thymidine at 37 °C unless specified otherwise. Thermo Fisher Scientific supplied ROS-sensitive dyes: 5(6)-carboxy-2′ ,7′ -dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA, which penetrates cells in its parental form but cannot exit the cell once the compound is cleaved by cellular esterases 51 ), 2′ ,3′ ,6′ ,7′ -tetrahydro-12′ -(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)spiro[isobenzofuran-1(3H),9′ -[1H,5H,9H]xantheno[2,3,4-ij]quinolizin]-3-one (Peroxy Orange-1) and 4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a, 4a-diaza-s-indacene-3-undecanoic acid (C11-BODIPY). Other reagents were obtained from Sigma-Aldrich.
Methods

Bacterial strains, growth conditions and reagents. E. coli strains (Supplementary
Thymidine starvation and bacterial survival measurement. Overnight cultures were diluted 200-fold into fresh medium, grown to log phase (A 600 (absorbance at 600 nm) = 0.15) with rotary shaking at 250 r.p.m., collected by centrifugation (8,000 g for 30 s), and washed with the same volume of saline (0.9% NaCl) at room temperature to remove thymidine. Cell pellets from 1 ml cultures were suspended in 2 ml fresh medium lacking thymidine. When appropriate, 2,2′ -bipyridyl or DMSO was added to a final, sub-inhibitory concentration of 0.35 mM or 700 mM (0.5 × MIC (minimum inhibitory concentration)), respectively. Cultures were immediately shifted to 37 °C with shaking to initiate T-starvation. All survival data were normalized to cell density (2 to 5 × 10 7 c.f.u. ml −1 ) at the time starvation was initiated to facilitate comparisons of experiments.
For TLD during anaerobiosis, the thyA mutant was grown in Hi-DEF Azure medium containing 50 mM fumarate and 50 μ g ml −1 thymidine in a sealed Vacutainer blood-draw tube (BD Medical Supplies) through which Bioblend anaerobic gas (10% H 2 , 5% CO 2 , 85% N 2 ; Welco Gas Corp) was passed for 30 min via a long inlet needle submerged in the medium and a short outlet needle at the top of the head space of the tube. Both needles passed through the rubber stopper of the Vacutainer tube, which was sealed when the needles were removed. When the culture density reached an A 600 of 0.15, cells were concentrated by centrifugation, resuspended in medium lacking thymidine, and pretreated with Bioblend anaerobic gas in a Vacutainer tube for 30 min. Aliquots were removed via syringe through the inlet needle, diluted in saline containing 50 μ g ml −1 thymidine, applied to LB (Luria-Bertani) agar containing thymidine, and incubated overnight in ambient air to determine colony-forming units (c.f.u.). ROS-mediated attack of dsDNA leads primarily to single-strand lesions, which could be expanded into large single-strand regions by abortive DNA repair in the absence of dTTP. (v) Extensive DNA breakage results in cell death, with deficiencies in DSB repair exacerbating TLD 11 . Induction of SOS/sulA, which may occur at multiple steps in the scheme, can lower the ability of cells to resume growth after thymine becomes available 6 .
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H 2 O 2 was used to overcome the inhibitory effect of rifampicin on TLD by growing bacteria to A 600 = 0.15 in Hi-DEF Azure medium with 50 μ g ml −1 thymidine, adding rifampin to 5 × MIC (50 μ g ml −1 ) when cells were suspended in fresh medium lacking thymidine, and at various times adding H 2 O 2 to 3.5 mM. After H 2 O 2 treatment for 20 min, aliquots were removed for c.f.u. determination.
Flow cytometry. Bacterial fluorescence intensity was determined using fluorescence-based flow cytometry. Carboxy-H2DCFDA (10 μ M), Peroxy Orange-1 (5 µ M), or C11-BODIPY (2 μ M) was present in the growth medium to detect overall intracellular ROS, H 2 O 2 , or lipid peroxidation, respectively [51] [52] [53] . A no-dye sample was included to control for autofluorescence. A total of 100,000 ungated events for each time-point sample was determined by a BD Accuri C6 Plus flow cytometer (Becton Dickinson) using the following detection parameters: 20 mV laser power, 533/30 nm band-pass filter (FL1-channel) for carboxy-H2DCFDA and 585/40 nm band-pass filter (FL2-channel) for Peroxy Orange-1 and C11-BODIPY. Data were analysed using BD Accuri C6 software. Supplementary Fig. 9 ). recN-yfp was introduced into E. coli strains by transduction to replace native recN. Log-phase cultures of E. coli were starved for thymidine, as above (see section 'Thymidine starvation and bacterial survival measurement'), to initiate TLD. Samples taken at various times were concentrated ten-fold by centrifugation (9,000 g for 20 s), mixed with 1/3 volume 1.5% low-melting-point agarose (FMC) at 40 °C, and immediately spread on a microscope slide.
For visualization of cells containing DNA breaks caused by exogenous H 2 O 2 , recN-yfp was cloned into plasmid pBAD18 between the Eco RI and Hind III sites to generate pBAD18-recN-yfp. For visualization of cells with ssDNA regions, the open reading frames of ssb (lacking a stop codon) and yfp were cloned into pBAD18 between the Eco RI and Kpn I sites and between the Sal I and Hind III sites, respectively, to generate pBAD18-ssb-yfp. Plasmid-expressed Ssb-YFP revealed ssDNA regions as fluorescent foci 55 (wild-type ssb was maintained in the chromosome). Recombinant plasmids were introduced separately into wild-type and ΔthyA strains by bacterial transformation using electroporation. Thymine starvation, rifampicin treatment, and H 2 O 2 treatment were as described above (see section 'Thymidine starvation and bacterial survival measurement'). Samples were removed after 20 min of peroxide treatment, washed with saline, and concentrated ten-fold by centrifugation.
Microscopy was performed with a Nikon Eclipse TS100 inverted microscope with filters for excitation and emission of YFP, and carboxy-H2DCFDA. Automated unbiased image acquisition was carried out with NIS Elements BR imaging software (Nikon).
Co-localization of DNA breaks with ssDNA regions. For visualization of DNA breaks occurring in ssDNA regions within the same cell, recN-yfp and ssb-mCherry were introduced into the genome of the ΔthyA mutant to replace their native genes using bacteriophage P1-mediated transduction. After removal of thymidine, cells of strain 4496, grown to mid-log phase, were concentrated ten-fold by centrifugation (9,000 g for 20 s), and spotted onto an agarose pad on a microscope slide (prepared with fresh medium lacking thymidine, as described previously 56 ). Slides with cells were immediately placed on a Zeiss Axiovert 200M microscope, where they were kept at ~35 °C. DNA breaks (RecN-YFP), and ssDNA regions (Ssb-mCherry) in cells within the same field of view were recorded every 10 min.
Statistical considerations.
All experiments were performed with at least three independent biological replicates. Three technical replicates were included for each sample point. Each value was presented as the mean value of the biological replicates, with standard deviation shown as error bars. At least five time points were chosen for each kinetic experiment to cover a wide range. P values were not presented, because our data sought kinetic trends with greater than ten-fold differences in cell survival at multiple time points and qualitative differences in microscopic images and flow cytometry profiles.
Data availability. Data supporting the findings of this study are shown in the main text and in the Supplementary Information and are available from the corresponding author upon request. No sequence, structure or omics data required to be deposited in a public repository were generated in the study. Bacterial mutant strains and plasmids constructed in this work are listed in Supplementary Table 1 and are available upon request. All experiments were performed with at least three independent biological replicates. Three technical replicates were included for each sample point. Each value shown in figures was presented as the mean value of the biological replicates, with standard deviation shown as error bars. At least 5 time points were chosen for each kinetic experiment to cover a wide range. p-values were not presented, since our data sought kinetic trends having greater than 10-fold differences in cell survival at multiple time points and qualitative differences in microscopic images and flow cytometry profiles.
Data exclusions
Describe any data exclusions. No exclusion.
Replication
Describe whether the experimental findings were reliably reproduced.
All attempts at replication were successful.
Randomization
Describe how samples/organisms/participants were allocated into experimental groups.
For microscopy assays, more than 200 cells from each experimental group were randomly selected for determination of the percentage of cells having DNA breaks.
Blinding
Describe whether the investigators were blinded to group allocation during data collection and/or analysis.
No blinding was carried out, since our experiments do not involve animals or human subjects. Moreover, the E. coli cultures used in our work have different genotypes and they need to be grown/treated with different conditions, which makes blinding difficult and unnecessary.
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Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons
The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars
See the web collection on statistics for biologists for further resources and guidance.
Software
Policy information about availability of computer code
Describe the software used to analyze the data in this study.
Flow cytometry data were analyzed by the BD Accuri C6 software and then were exported to FlowJo for figure preparation. Images from microscopy were captured by the NIS Elements BR imaging software or OpenLab. Images were then cropped using Photoshop for showing representative bacterial cells. Standard deviations and standard errors were analyzed by Origin. All panels were arranged into figures in Adobe Illustrator.
For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for providing algorithms and software for publication provides further information on this topic.
Materials and reagents
Policy information about availability of materials
Materials availability
Indicate whether there are restrictions on availability of unique materials or if these materials are only available for distribution by a for-profit company.
No unique materials were used. No restriction on availability of all materials used in this study.
Antibodies
Describe the antibodies used and how they were validated for use in the system under study (i.e. assay and species). 
